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ABSTRACT

Medical waste is a special class of hazardous pollutants. Improper treatment would cause secondary
environmental pollution, especially when responding to public health emergencies. However, there are
relatively few researches on the generation of medical waste, and there is a lack of basic understanding of
its spatial-temporal heterogeneity. The outbreak of SARS in 2002 is a turning point in China’s medical
system reform. We estimated the production of medical waste and pollutants on a provincial scale in
China from 2002 to 2018, using the data of medical statistics. Moreover, we forecasted the trend of
medical waste in China until 2030, using a combination of environmental pressure model (STIRPAT) and
time series model (ARIMA). We found that with the development of China’s medical system and
economy (such as the increase in personal income and popularization of universal health care), the
number of seeking medical treatment rapidly increase led to explosive growth in medical waste (~240%)
and pollutants (~260%), and large hospitals are the major sources. By 2030, the production of medical
waste would still increase by more than 50% compared with 2018 even there is no the pandemic due to
the huge population. The production of medical waste in the eastern region was higher than that in the
west under the influence of higher population and GDP, while the per capita medical waste was only
affected by household consumption level which had no regional characteristic. Additionally, Hg loads
from medical waste are more than twice as high as that from discharged wastewater in some regions,
which are facing great control pressures. In the future, when planning for medical waste disposal, pol-
icymakers shall increase the disposal facilities based on population and promote mobile treatment
equipment to improve efficiency, increase the number of beds in medical institutions rather than
building more hospitals, and strengthen basic research on the environmental impact.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

public attention again (You et al., 2020). Medical waste is a special
pollutant with characteristics of infectious, polluting and toxic

Since the outbreak of the Novel Coronavirus (COVID-19), a large
amount of medical waste has generated in the fight against public
health emergencies (Silva et al., 2020). The management and
environmental risks of medical waste have attracted widespread
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generated by health care institutions in the course of medical
diagnosis and treatment (Lee et al., 1991). Compared with general
solid waste, medical waste has a higher risk of environmental
pollution, which usually carries a large number of viruses, germs,
chemical pollutants and even radioactive materials (Chaerul et al.,
2008).

In recent decades, the production of medical waste has grown
rapidly, due to the continuous advancement of medical technology
and remarkable increase of medical treatment. Illegal dumping and
inappropriate disposal of medical waste may cause secondary harm
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to human health and pollutant the environment. The open-air
storage of medical waste can release a mass of harmful gases
such as methane and sulfide, which seriously pollutes the atmo-
sphere (Hossain et al., 2011). Moreover, Polychlorinated biphenyls
and dioxins, which are carcinogens, released during incineration
(Windfeld and Brooks, 2015). Pathogens, heavy metal and organic
pollutants carried by medical waste that has unqualified for
disposal can cause severe pollution to surface water and ground-
water through runoff and infiltration (Butt et al., 2008). Heavy
metals in the landfill leachate enter the soil under the effect of
leaching and washing by rainfall, which results in changes in soil
properties and accumulation of heavy metals, and ultimately affect
the survival of animals and plants (Mavakala et al., 2016).

At present, studies on the medical wastes generation and
management mostly focused on the developing countries and
limited areas (Caniato et al., 2015), such as Iran (Taghipour and
Mosaferi, 2009), Egypt (Abd El-Salam, 2010), Thailand, Pakistan,
Mongolia (Ali and Kuroiwa, 2009), and China (Zhang et al., 2013).
Due to the population explosion and inadequate medical waste
management, developing countries are facing greater health risks
and environmental pressure (Windfeld and Brooks, 2015).
Compared with other developing countries in Asia and Africa, the
overall level of medical treatment and waste disposal is relatively
good in China. However, large amount of medical waste brought by
Severe Acute Respiratory Syndrome (SARS) from 2002 to 2003 still
posed severe challenges to China’s medical waste disposal system.
Since then, China has adopted a series of countermeasures to deal
with medical waste (Yang et al., 2009), such as promulgated laws
and regulations, Regulations for Medical Waste Management, Clas-
sification Catalogue of Healthcare Waste and Medical Measures for the
Administration of Medical Wastes in Medical Institutions in 2003. In
addition, China has built a large number of medical waste disposal
facilities. The number of nationally planned medical waste disposal
facility projects in 2012 doubled compared to that in 2004 (Chen
et al.,, 2013). Fiscal expenditure from the Chinese government to
promote health care increased from 0.9 billion CNY (about 13
billion USD, 0.7% of GDP) in 2002 to 1.6 trillion CNY (about 230
billion USD, 1.8% of GDP) in 2018 (Fig. S1). However, the develop-
ment of the economic and medical systems in various regions of
China is extremely uneven, resulting in different capabilities in
treating and managing medical waste. For instance, Gansu Province
in the west disposed of 6767 tons in 2013 (Sun et al., 2015), while
Hubei Province that is one of the regions with the largest amount of
medical waste in China, disposed of about 27,041 tons in 2014 (Zhu
et al., 2016). This imbalance would bring potential danger to cope
with medical waste from public health emergencies.

Although many scholars have carried out a lot of research on the
treatment and management of medical waste to reduce the harm of
medical waste, there are still few studies on the national medical
waste production, spatial-temporal heterogeneity and influencing
factors. To make up for this insufficiency, and to deal with the threat
of medical waste brought by future public health emergencies, this
study used public medical statistics (i) to investigate discharge of
medical waste and related pollutants in China since SARS outbreak;
(ii) to visualize their temporal and spatial distribution; (iii) to analyze
the drivers of changes in medical waste; (iv) quantify the impact of
socioeconomic factors based on STIRPAT model, and (v) to forecast
future change of medical waste without pandemic influence.

2. Materials and methods
2.1. Study aera and selected parameters

The study area includes 31 provincial administrative regions in
mainland China, excluding Hong Kong, Macau and Taiwan because

Journal of Cleaner Production 291 (2021) 125246

of unavailable data. According to the statistical practice of the Na-
tional Bureau of Statistics of China, mainland China is divided into
six regions (Fig. S2). North China (NC) includes Beijing, Tianjin,
Hebei, Shanxi, and Neimenggu (Inner Mongolia); Northeast China
(NEC) includes Liaoning, Jilin, and Heilongjiang; East China (EC)
includes Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, Shan-
dong, and Taiwan; Central South China (CSC) includes Henan,
Hubei, Hunan, Guangdong, Guangxi, Hainan, Hong Kong, and
Macao; Southwest China (SWC) includes Sichuan, Guizhou,
Yunnan, Chongqing, and Xizang; Northwest China (NWC) includes
Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang (Tibet).

The medical institutions and the visits used in this study were
divided into nine categories and four categories, respectively. The
medical institutions mainly include hospitals, primary health care
institutions, specialized public health institutions, and other med-
ical institutions. Hospitals consist of general hospitals, hospitals
specialized in traditional Chinese medicine, hospitals of integrated
traditional Chinese medicine with western medicine, hospitals for
ethnic minorities, specialized hospitals and nursing hospitals.
Other medical institutions include nursing homes, clinical testing
centers, medical research institutions, medical education in-
stitutions, medical examination centers and other health in-
stitutions. The total number of visits includes outpatient visits,
emergency visits, individual health checks, and health consulta-
tions, excludes inspections, treatments and health management
services in accordance with medical orders.

Medical waste and pollutants calculated in this paper mainly
derived from the output of the above medical institutions,
excluding laboratory and animal epidemic prevention. The First
National Pollution Source Census recommended that using the
number of beds in medical institutions and pollutants producing
coefficients to estimate the production of medical waste and
medical pollutants (CPSC, 2010). On this basis, we added two pa-
rameters, rates of bed utilization and the number of visits, to obtain
results that are more reasonable. More details are shown in the
Supplementary (Tables S4—S5).

2.2. Estimation methods

Our estimated source of medical waste consists of inpatients and
visits. The formula for calculating medical waste is as follows:

31 9 S a
A=Z< wuXR"JXF"JXBGS))+Z<Z(2’5 xQ))
=1 i=1 “m=1

(1)

where, A is the total amount of medical waste production (kg/yr) in
China, i is the province, j and m represent the type of medical in-
stitutions, B is the number of beds in the medical institutions, R is
the utilization rate of hospital beds, and F is medical waste pro-
ducing coefficients (kg bed~! day~!). D represents the times of
annual visits, and Q is the average mass of medical waste per 25
person-times (that is 1 kg) from visits. Wang et al. (2013) and Yang
(2018) estimate waste production from visits based on an average
of 1 kg of medical waste generated every 20 to 30 person-times,
therefore, this study used the median value 25. The calculation of
the number of visits consists of the total number of visits in all
hospitals and the number of visits in primary medical institutions.
Visits data of primary medical institutions mainly came from
community health service centers, community health service sta-
tions and township health centers.

Medical pollutants calculated in this study mainly include
chemical oxygen demand (COD), five-day biochemical oxygen de-
mand (BODs), total nitrogen (TN), ammonia nitrogen (NHZ-N), total
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phosphorus (TP), and mercury (Hg). Our calculated pollutants only
include the source of the hospitalization because of lack of visits
data. The calculation formula is as follows:

p— i(i(BuxRLixﬁjx%s)) 2)

j=

where, P represents the total amount of a certain pollutant (kg/yr)
in China, and f represents the pollutants producing coefficients (kg
bed~! day!). The other parameters have the same meaning as
equation (1).

2.3. Driving factors and trend analysis

This study utilized the STIRPAT model to analyze the impact of
medical and socio-economic factors on the amount of medical
waste production. IPAT is a traditional model that quantifies the
impact of human activities on the environment, which can only
analyze one factor at a time and assume other factors remain un-
changed (Ehrlich and Holdren, 1971; Shi, 2003). The STIRPAT model
is an improved environmental stress analysis method based on the
IPAT model, which allows multi-factors and nonlinear analysis of
anthropogenic impact on the environment (York et al.,, 20033,
2003Db). This model has been widely used in carbon emissions (Yang
etal., 2018), water footprint (Zhao et al., 2014), energy consumption
(Ji and Chen, 2017), solid waste (Arbulu et al., 2017).

Its standard form is:

[=aPbAcTde (3)

where, I, P, A, and T represent environmental impact, population,
affluence, and technology level, respectively. a is the model coef-
ficient, b, ¢, and d are the indices to be estimated, and e is the error
term. Taking the logarithm of both sides of equation (3) to obtain
the following formula:

InI=Ina+bInP+clnA+dInT+1Ine (4)

To understand how medical services and socio-economic
development drive the changes in medical waste production, we
analyzed a series of representative factors, including the number of
hospitalizations and visits, the number of medical institutions and
beds, population, government health expenditure and household
consumption level. We divided P in the original formula into the
population, inpatient and visits. A is divided into government
health expenditure and household consumption. Moreover, the
number of institutions and beds indicate T. We extended equation
(4) to build an alternative formula as follows:

InW=Ina+g;InP+8;Inln+B3InV+84InG+05InH
+,861I1M+,871HB+1I16
(5)

where, Wis the total amount of medical waste production in China,
P is the total population, In is the number of inpatients, V is the
number of visits, G is government health expenditure, H is the
household consumption level, M is the number of medical in-
stitutions, and B is the number of beds in all institutions. § is the
elastic coefficient. Because socio-economic data usually has
collinearity, we used ridge regression to solve it to avoid the effects
of multiple collinearities between factors. Before solving the
equation, each parameter needs to be dimensionless standardized.

Autoregressive Integrated Moving Average model (ARIMA) is a
time series predictive analysis method (McKenzie, 1984). The
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model structure includes three parts, autoregressive model (AR
model), the difference (I) and the moving average model (MA
model). First checking the variance of the data to identify the sta-
tionarity of the sequence. Then smoothing the non-stationary
sequence and establishing the corresponding model in terms of
the partial correlation function of the time series model. After
determining the model, the statistical significance of the parame-
ters was tested, and the residual sequence was diagnosed as white
noise. Finally, the model, which had passed the test, would be
conducted for predictive analysis.

2.4. Data availability and uncertainty analysis

The medical and socio-economic data in this paper derived from
the National Bureau of Statistics of China and official data, including
China Statistical Yearbook (NBSC, 2001—2019a), China Rural Sta-
tistical Yearbook (NBSC, 2001—2019b), and China Health Statistical
Yearbook (NHCPRC, 2001—-2019). Pollutants producing coefficients
derived from the First National Pollution Source Census (CPSC,
2010).

In this study, the Crystal Ball software specially used for Monte
Carlo simulation was used for uncertainty analysis of medical waste
generation. We first traverse all possible fitting distributions on the
data through the software’s automatic fitting function, and select
the best fit from them. The results of each year are all lognormal
distributions. This selection process can be completed automati-
cally by software, avoiding human subjective influence. The values
of lognormal distribution, such as the minimum, arithmetic mean
and standard deviation, we adopted the recommended values
produced by the software. Then we randomly sampled the pa-
rameters and performed 10,000 simulation to obtain the average of
the calculated results and a 95% confidence interval.

3. Results and discussion
3.1. Changes in Chinese medical services since SARS

Since the outbreak of SARS, the Chinese government has
implemented a series of reform measures to respond to the de-
mands of the population for medical treatment and improve the
ability of the medical system to respond to public health emer-
gencies (Li and Gao, 2017; Yao et al., 2013). For example, China
extended the coverage of basic medical insurance to reduce the
burden of individual payments, standardized the management of
medical institutions, and improved the medical security system
and disposal capacity of medical waste. To understand the influ-
ence of these changes on medical waste and pollutants, we have
examined changes in medical services since 2002 (Fig. 1). Our re-
sults showed the improvement of medical services conditions had
significantly promoted medical activities. For example, since 2002,
the number of visits and inpatients had a significant positive cor-
relation with changes in population and coverage of basic medical
insurance, and positive correlation with the number of medical
institutions and beds (p < 0.05) (Fig. 2, Table S1).

The largest proportion of various medical institutions is the
primary health care institution, which usually undertakes lots of
basic illness diagnosis and treatment. The times of annual visits to
township health centers are between 700 million and 1.1 billion in
recent years (NBSC, 2001—2019a). Affected by the Regulations for
the Management of Rural Doctors and other relevant regulations,
many rural health clinics with irregular management were
canceled in 2003, such as privately run clinics (reduction of about
100,000). This change led to the total number of medical in-
stitutions dropped by nearly 200,000 (Fig. 1A). However, through
the training and qualification of primary medical staff and
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Fig. 1. Changes in medical services in China. (A) Composition of medical institutions and number of medical waste permits approved by the government. (B) Number of beds in
medical institutions and inpatients. (C) Population covered by health insurance and the number of visits. Visits statistics were derived from hospitals, community and township. The

original data collected came from NBSC (2001-2019a; 2001-2019b).

normalizing the construction of village clinics, the number of pri-
mary health care institutions recovered to a higher level after less
than three years. Compared with 2003, the total number of medical
institutions in 2018 increased by about 200,000, of which hospitals
nearly doubled (from 18,000 to 33,000), and specialized public
health institutions increased by nearly 80% (from 11,000 to 18,000).

The increase in medical institutions means disposing of more
complex medical waste and pollutants. Different from general
diagnosis and treatment, hospitalization continually generates a
mass of medical wastes, and the actual number of available beds
has a potential impact on waste and pollutants production. The
number of beds in hospitals accounts for 72%—78% of the total in all
medical institutions in China since 2002. The number of hospitals
increased by 85%, and beds increased by 193% from 2002 to 2018
(Fig. 1B). The average ratio of beds to hospitals increased from 125
to 198. The increase in beds has enabled more patients to be

effectively treated, and hospitalizations increased from 60 million
in 2002 to 250 million in 2018 (Fig. 1B). The popularity of basic
medical insurance (7% of the population in 2002 increased to 96% in
2018) (Fig. 1C) has also led to more opportunities for treatment
(Fig. 2), especially in rural (Chen et al., 2018; Dai et al., 2016), and
the visits reached 5.5 billion in 2018 (increased nearly 160%
compared to 2002).

To ensure timely disposing of the growing medical waste, China
has built a large number of centralized medical waste facilities
(Yang et al., 2009). The number of medical waste permits approved
in 2018 increased by nearly seven times compared with 2004 (from
60 to over 400) (Fig. 1A). Annual disposal capacity of 149 central-
ized disposal facilities nationwide was approximately 438,000 tons
in 2004 (Sun et al., 2007), however, the actual disposal quantity in
2018 reached 980,000 tons (MEE, 2019). During the pandemic of
COVID-19 in China, the daily quantity of medical waste disposal
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nationwide increased from more than 2000 tons at the beginning of
the pandemic to a maximum of more than 3200 tons (MEE, 2020).
More patients make huge medical pressure while bring a challenge
for avoiding environmental pollution by medical waste.

3.2. Spatial distribution of medical waste in China

As shown in Fig. 3B, China’s medical waste remarkably increased
from 446 + 9 Gg/yr in 2002 to 1536 + 34 Gg/yr in 2018. Medical
waste origin from inpatients in hospitals was the primary con-
tributors to this change, which increased from 306 + 6 Gg/yr in
2002 to 1165 + 26 Gg/yr in 2018 (Fig. S3). However, regional growth
showed an unbalanced feature. Nearly two-thirds of provinces had
growth rates of medical waste below the national average ~240%
(Fig. S4). They were concentrated in North China, Northeast and
Northwest, while most of the provinces in Central South and
Southwest were much higher than the national average. The largest
production of medical waste was in East China and Central and
South China, which reached ~450 Gg/yr and ~430 Gg/yr in 2018,
respectively, both increased by more than 200% compared to 2002
(Fig. 3C, Fig. S4). The regions with the lowest production were the
Northeast and the Northwest, which had similar values of ~120 Gg/
yr in 2018, they increased by 165% and 359%, respectively.

China has a famous Hu line, which was proposed by a Chinese
geographer Hu Huanyong in 1935 (Hu, 1935). This line connects
Heihe in Heilongjiang Province and Tengchong in Yunnan Province
on the map. The area on the southeast side of Hu line accounts for
about 40% of China, and the population proportion exceeds 90%.
Urbanization level in the southeast part of Hu line is higher than the
national average, while in the northwestern part is lower. China’s
development for more than half a century has not changed this
situation (Guo et al., 2016). It is interesting to note that the pro-
duction of medical waste we estimated also showed a similar

distribution characteristic as the Hu line (Fig. 3A). There were sig-
nificant positive correlations between the production of medical
waste and the economy and population (p < 0.01) (Fig. 4). In 2002,
Xizang (Tibet), among the northwest region of the Hu line, had a
minimum of 760 tons/yr, and only Xinjiang reached 10,000 tons/yr.
While most provinces in the southeast region exceeded 10,000
tons/yr, Guangdong reached the highest 34,000 tons/yr. By 2018,
Xizang reached 2200 tons/yr, and the top province in the southeast
was replaced by Sichuan, with more than 110,000 tons/yr.

However, the per capita medical waste production did not show
significant regional distribution characteristics. Our results showed
that there was no obvious correlation between per capita medical
waste and total waste production, population, and GDP (Fig. 4), but a
significant correlation with the level of household consumption
(p < 0.01). Beijing and Shanghai have the highest per capita pro-
duction, both exceeded 1.0 kg per capita, however, relatively good
household consumption level also kept Xinjiang at the forefront
(Fig. S5). The correlation between household consumption level and
per capita production in 2002 reached 0.9 (p < 0.01), but this cor-
relation decreased year by year, and fell to 0.5 in 2018 (p < 0.01).
China just joined the World Trade Organization in 2002. At this time,
residents’ income was generally low, and medical payment was the
critical factor in seeking medical treatment (Sun et al., 2009). Per-
sonal incomes and medical insurance have a positive effect on
medical willingness, especially for rural and low-income people (Hao
et al., 2010; Ohtsu et al,, 2011). With the rapid development of the
Chinese economy, the disposable income of residents has generally
increased, the coverage of basic medical insurance has continued to
expand, and the reimbursement rate of medical insurance and the
types of reimbursable diseases have increased. Individual income
remained no longer the determining factor in seeking medical
treatment. As the times of individual medical treatment increase,
therefore does the per capita medical waste.
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3.3. Environmental pollutants from growing medical waste

The production of various medical pollutants we estimated did
not include the source of visits, but also showed similar spatial
distribution as medical waste, that is, the production in the
southeast region of the Hu line was higher and the lower in the
northwest (Fig. 5A). Like medical waste, various pollutants in
Sichuan were highest in China in 2018 (~28,000 tons of COD,
~10,000 tons of BODs, ~4800 tons of TN, ~3,300tons of NH, ~370
tons of TP and ~17 kg of Hg). In 2002, all kinds of pollutants in
Shandong were higher than that in Guangdong that had the highest
production of medical wastes, reaching ~7500 tons of COD, ~2900
tons of BODs, ~1200 tons of TN, ~850 tons of NH, ~95 tons of TP,
~4 kg of Hg. Various pollutants in Xizang were the lowest in China
all the time.

Fig. 5B shows the inter-annual variations in the total amount of
various pollutants across China. Production of COD increased from
1.0 x 10® kgfyr in 2002 to 3.7 x 10% kgfyr in 2018, BODs from
3.9 x 107 kg/yr to 1.4 x 10® kgfyr, TN from 1.7 x 10’ kg/yr to
6.2 x 107 kg/yr, NH4-N from 1.2 x 107 kg/yr to 4.3 x 107 kg/yr, TP
from 1.3 x 10° kg/yr to 4.8 x 10° kg/yr, and Hg from 56 kg/yr to
220 kg/yr. Various pollutants have similar growth rates in the same
area, but different rates in different regions (Fig. 5C). Pollutants in
the northeast had the smallest increase, with an average increase of
about 175%, and the highest was in the southwest with more than
420%. In all regions, the increase of the six pollutants was higher
than that of medical waste, and Hg was the highest. Hg increase in
the southwest region even reached 487%. The high rate of growth in
the southwest was associated with the improvement of local
medical conditions.

To avoid the homogeneity of variations in pollutants caused by a
single pollutant producing coefficient, we tried to consider the
coefficients of different medical institutions in different regions.
However, the variations in the total amount of various pollutants in
China were still very similar. Except Hg increased by ~290% from

2002 to 2018, the growth rates of other pollutants were similar, all
about 260%. The reason may be the contribution of large hospitals
plays a leading role, the number of beds in them accounts for ~70%
of the total in all institutions (Fig. 1B), and the utilization rate of
hospital beds was usually higher than that in other institutions,
reaching more than 80%. At the same time, the proportion of hos-
pital beds in different regions has not changed considerably since
2002 (Fig. 6A). The number of general hospital beds accounted for
~70% of the total hospital beds, and more than 50% of the total beds
in all institutions. Although the number and proportion of primary
health care institutions fluctuated greatly since 2002, they had a
relatively weak influence on pollutant changes owing to the rela-
tively few beds (accounted for about one-fifth of the total beds).

Cluster analysis results also confirmed the importance of gen-
eral hospitals in medical institutions (Fig. 6B). When medical in-
stitutions are divided into four categories based on the number of
beds, general hospitals and primary health care institutions are
classified into one category respectively, that is, they have more
beds than the rest. For any classification method, general hospitals
are a separate category, reflecting that the number of beds is much
higher than other institutions.

The discharge of medical waste without appropriate treatment
will expose the public to the danger. Especially during the
pandemic, reducing risks to the public and the environment is of
great significance (Wang et al., 2020). However, there are relatively
few studies on China’s medical waste generation, and only a few
areas have reported (Gai et al., 2010; Yong et al., 2009). Meanwhile,
there is a lack of effective monitoring of the output of medical
waste. Therefore, it is currently difficult to quantify the potential
impact of medical waste on the environment, nor to identify the
production pressures and environmental risks faced by different
regions. Medical waste is usually treated by incineration, landfill,
etc., and is not directly discharged into the water. However, due to
inappropriate storage and leakage during transportation, pollut-
ants will enter surface water and groundwater through runoff and
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Fig. 5. Spatiotemporal distribution of pollutants from medical waste in 2002 and 2018. (A) Annual production of pollutants from medical waste by provinces, including chemical
oxygen demand (COD), five-day biochemical oxygen demand (BODs), mercury (Hg), total nitrogen (TN), ammonia nitrogen (NH4-N), and total phosphorus (TN). (B) Inter-annual
change of different pollutants in China. (C) Growth percentage of pollutants in different regions from 2002 to 2018.

infiltration, which has a potential threat to the water body. Here, we
tried to use the ratio of pollutants from medical waste to pollutants
discharged from waste water to show the production pressure of
medical waste in various regions.

Our result shows that, except for Hg, the ratios of pollutants
across the country are lower than 0.06, and the ratios in Beijing and
Shanghai are higher than those in other regions (Fig. 7). However, it
is worth noting that Hg production from medical waste is higher
than that from waste water in some regions, such as ratios of Tibet,
Hebei, Shandong, Liaoning, and Hainan provinces exceed 1.0, while
Beijing, Chongqing, Jiangsu, Heilongjiang provinces even more than
doubled. Unlike most areas where pollutants discharged from
wastewater have been declining year by year, Hg in Tibet, Hebei,
Heilongjiang and Hainan provinces have increased significantly
(Fig. S7). These areas are not only facing greater pressure to control
Hg discharge, but may face greater environmental threats when a
medical waste leakage accident occurs. Additionally, Tibet and
Hainan are located on plateaus and islands respectively, which have
fragile ecology, requiring special attention.

3.4. Challenges for the next decade

The results of STIRPAT model showed that except for the

number of medical institutions that was significant at 5% level,
other indicators passed 1% significant test (R? = 0.992, and the F
statistic is significant at 1% level). Therefore, the simulation results
we obtained could reflect the relationship between medical waste
growth and various factors (more details in Table S3). Each factor
we selected could promote the production of medical waste as
shown in Fig. 8A. Among them, the population has the strongest
impact, when increase by 1%, medical waste increase by 2.47%,
followed by the number of medical institutions (0.40%), and the
impact of government health expenditure is the smallest, less than
0.1%. The elastic coefficient of visits (0.18%) was higher than that of
hospitalizations (0.10%). The number of visits was considerably
higher than hospitalizations, for instance, the number of visits
reached 8.3 billion in 2018, while hospitalizations were 250 million.
The greater mobility of visits may make more complex effects than
inpatients. Basic medical insurance has covered most people in
China, and individual income is no longer a key factor that affects
the willingness of different people to seek medical care. However,
medical insurance can only cover a part of the medical expenses.
The huge cost of hospitalization, especially severe illness, may
affect the willingness of some inpatients (Mao et al, 2013).
Therefore, the elastic coefficient of the household consumption
level was slightly higher than that of hospitalization. The
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population is the direct cause of medical waste, and medical in-
stitutions and beds are where generating large amounts of medical
waste. Thus, these three factors have the highest elastic coefficients.

Furthermore, we used the combination of ARIMA and STIRPAT
models to simulate the growth of medical waste in the next ten
years without the impact of the pandemic. We used the ARIMA to
simulate the growth of each factor and medical waste production
until 2030. Next, we brought the simulate values of each factor into
the STIRPAT to obtain forecasting trends that were more con-
strained. We found that by 2030, medical waste production in
China by STIRPAT-ARIMA would reach ~2.7 x 10° kg/yr, which was
76% higher than that in 2018 (Fig. 8B).

As of mid-2020, the development of COVID-19 is still unclear,
and it is temporarily difficult to assess the impact of pandemic on
medical waste. However, the simulation results without pandemic
constraints still show that China would face more severe pressure
on medical waste disposal and environmental risk in the future. In
addition, aging will deliver a more complex impact on future
challenges (Pearson et al., 2012; Schneider and Guralnik, 1990). Due

to the improvement of medical conditions and the living standards,
the average life expectancy in China increased from 71.4 years in
2000 to 76.3 years in 2015 (NBSC, 2001—-2019a). Among discharged
patients, the proportion of people over 60 years of age increased
from 25.3% in 2004 to 38.8% in 2018 (NBSC, 2001—2019a). China has
lifted restrictions on single children, however, the pressure of aging
in China would continue in the short term in terms of the current
low fertility rate. The huge population base and the growth in the
proportion of the elderly increase the pressure on medical treat-
ment, and ultimately lead to more medical waste.

3.5. Suggestions

The practical issues that we suffer to address include increasing
the construction of medical waste disposal facilities, enhancing the
capacity of medical waste disposal, and promoting the recycling of
medical waste and saving resources, to prevent and control the
pollution to the human body and the environment. SARS promoted
the relevant regulations for the disposal of medical waste issued in
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China since 2003, and the outbreak of COVID-19 once again pushed
the medical waste treatment and environmental safety to the
public hot spot. In February 2020, the Chinese government issued
Work Plan for Comprehensive Treatment of Waste in Medical In-
stitutions (SCPRC, 2020), which requires all cities above the
prefecture-level to build at least one centralized medical waste
disposal facility by the end of 2020 and each county will build a
medical waste system that consists of the collection, transfer, and
disposal parts by 2022 (MEE, 2020). While proposing an ambitious
large-scale construction plan of medical waste disposal facilities,
the details of how to implement them are crucial. Based on this
research, we submit the following suggestions:

(i) Improve the efficiency of medical waste disposal. The pop-
ulation is the most important driver of medical waste, and
household consumption level has a significant impact on per
capita medical waste. Therefore, it is necessary to increase
the number of disposal facilities in the economically devel-
oped and densely populated cities in the east, such as Beijing,
Shanghai and other large cities. In the west, Xinjiang and
other regions with a high per capita consumption levels also
require particular attention. Moreover, in the public health
emergencies, the accumulation of medical waste that cannot
be processed in time would pose a threat to public and
environmental health. The off-site treatment of medical
waste with long-distance transportation is not advisable due
to the potential risk of leakage (Tsakona et al., 2007). Ac-
cording to population density of different regions, equipped
with a corresponding number of mobile treatment equip-
ment would effectively speed up the processing of medical
waste in special periods and achieve collaborative and
mutual assistance between regions. The mobile incinerator
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in Wuhan has effectively alleviated the pressure of medical
waste treatment is a successful case (Singh et al., 2020).

(ii) Increasing the ratios of beds to medical institutions. The

average utilization rate of hospital beds in China has been
between 85% and 90% since 2010. Hubei, where COVID-19 hit
the medical system hard, at ordinary times has reached 92%—
99% of hospital beds utilization (NBSC, 2001—2019a). High-
load hospitalization pressure has a negative impact on
responding to the public health emergency. We found the
number of medical institutions had a greater impact on
medical waste production than the number of beds.
Increased beds can effectively reduce the amount of medical
waste (Cheng et al.,, 2009). Therefore, when the local gov-
ernment considers improving the capacity of medical in-
stitutions to treat patients, it should pay more attention to
the capacity of hospital beds rather than the number of
medical institutions, and it would alleviate the pressure of
medical waste.

(iii) Strengthening technical research of medical waste disposal,

risk assessment and biogeochemistry process. High-
temperature incineration remains currently the most
important method for hazardous waste, and it is the main
method used for the centralized treatment of medical waste
in China (Chen et al, 2013; Yang et al., 2009). However,
landfilling of the fly ash and bottom slag produced by
incineration without strict treatment, would cause second-
ary pollution to the environment (Hossain et al., 2011),
especially the migration of heavy metal affected by acid rain
harms the soil. At present, there have been many studies on
environmental assessment methods about pollutants in soil,
water and atmosphere. However, the methodologies and
theoretical frameworks are still relatively lacking for envi-
ronmental risk assessment, ecological damage about medical
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waste. It is key to strengthen the fundamental research of
medical waste from the perspective of biogeochemistry. For
example, quantifying pollutants during outpatient visits and
sharing data will help to accurately assess the environmental
impact of medical pollutants.

4. Conclusion

This study is the first to estimate the China’s production of
medical waste and related pollutants, and reveals their spatio-
temporal heterogeneity its influencing factors. We found that the
number of seeking medical treatment rapidly increase led to
explosive growth in medical waste and pollutants since 2002, un-
der the influence of health care reform and economy development,
especially increase in personal income and popularization of
medical insurance. Inpatients of large hospitals are the major
contributors of medical waste compared with other institutions
and visits, and population is the main driver of changes in medical
waste. In the absence of the pandemic, the production of medical
waste in 2030 would still increase by more than 50% compared
with 2018 due to the huge population. The production of medical
waste and pollutants in the economically developed eastern region,
which has dense population, is higher than that in the west.
However, the per capita medical waste is only affected by house-
hold consumption level without regional characteristic. Addition-
ally, Hg loads from medical waste are more than that from
discharged wastewater in some regions, which have great control
pressure of Hg emission.

1

The continuous growth of medical waste in China poses huge
challenges to the waste disposal system since the SARS outbreak,
especially in the pandemic. In the future, to reduce the pressure of
medical waste disposal and environmental risks, policymakers
shall (i) increase the disposal facilities according to population
density and promote mobile treatment equipment to enhance ef-
ficiency; (ii) increase the number of beds in medical institutions
rather than building more hospitals; and (iii) strengthen basic
research on the environmental impact of medical waste.
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